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HIGHLIGHTS 


•  Li4Ti50i2  thin  film  was  fabricated  by  aerosol  deposition  at  room  temperature. 

•  The  film  was  composed  of  fractured  Li4Ti50i2  nanoparticles  by  impact  consolidation. 

•  As-deposited  Li4Ti50i2  film  electrode  showed  discharge  capacity  of  125  mAh  g”1  at  20C  rate. 
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We  successfully  fabricated  lithium  titanate  Li4Ti50i2  (LTO)  thin  film  electrode  at  room  temperature  by 
aerosol  deposition  (AD)  method.  Agglomerated  LTO  powder  with  the  size  of  5—6  pm  composed  of  pri¬ 
mary  sub-micron  particles  was  used  as  raw  material  and  deposited  directly  on  a  stainless  steel  substrate 
via  room  temperature  impact  consolidation  (RTIC).  X-ray  diffraction  patterns  revealed  that  as-deposited 
LTO  film  has  a  same  crystalline  structure  with  raw  powder  and  no  secondary  phases  were  formed  during 
the  deposition  process.  SEM  observation  showed  that  the  film  has  porous  structure  consisted  from  LTO 
particles  with  the  sizes  of  several  100  nm.  As-deposited  LTO  film  electrode  showed  good  electrochemical 
property  in  liquid  electrolyte.  The  discharge  capacities  of  159  mAh  g-1  and  125  mAh  g-1  were  obtained 
at  current  density  of  0.067  mA  cm-2  (=0.5C  rate)  and  2.68  mA  cm-2  (=20C  rate).  The  former  corresponds 
to  91%  of  theoretical  capacity  for  LTO  (=175  mAh  g-1).  The  film  electrode  also  showed  good  capacity 
retention,  indicating  that  adhesion  between  the  film  and  substrate  are  sufficiently  strong. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

All  solid  state  thin  film  lithium-ion  battery  is  a  promising  next 
generation  battery  system  for  RFID  tags,  smart  cards,  and  other  low 
power  portable  devices  because  of  its  high  safety,  reliability  and 
long  cycle  stability  [1-4].  Thin  film  electrodes  can  be  prepared  with 
pulsed  laser  deposition  (PLD)  [5-11],  sputtering  deposition  [12- 
18],  and  electrostatic  spray  deposition  (ESD)  [19-21].  These 
methods  are  efficient  for  fabrication  of  uniform  film  and  controlling 
the  film  thickness,  but  in  some  cases,  it  is  difficult  to  control  stoi¬ 
chiometric  composition  of  the  as-designed  thin  film  [8,13].  More¬ 
over,  increasing  the  substrate  temperature  during  deposition  and/ 
or  post-annealing  should  be  necessary  to  obtain  well-crystallized 
thin  films  [5-21].  Since  high  temperature  treatments  may  lead  to 
undesired  reactions  at  the  interface  or  uncontrolled  diffusion,  this 
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process  is  not  recommended  in  many  cases,  making  this  conven¬ 
tional  method  inadequate  in  fabrication  of  all-solid-state  batteries. 

Aerosol  deposition  (AD)  has  many  advantages  compared  to  the 
conventional  thin  film  deposition  methods  as  mentioned  above, 
including  the  deposition  of  a  crystallized  thin  film  without  any  heat 
treatment  and  a  fast  deposition  rate  [22-24].  A  thin  film  is 
deposited  through  impact  and  adhesion  of  fine  particles  on  sub¬ 
strate  by  the  pressure  difference  at  room  temperature.  This  unique 
phenomenon  was  called  as  “room  temperature  impact  consolida¬ 
tion  (RTIC)”.  The  film  consequently  has  the  characteristic  properties 
of  the  powder  material,  such  as  the  crystal  structure,  composition 
and  physical  property.  AD  additionally  provides  a  number  of  ad¬ 
vantages,  including  room  temperature  deposition  and  high  adhe¬ 
sion  strength  with  the  substrate  [22-24].  By  addressing  these 
attractive  features,  numerous  studies  to  form  thin  film  by  using  AD 
method  have  been  reported  in  various  functional  ceramic  mate¬ 
rials,  including  Pb(Zr,Ti)03  (PZT)  [23,24],  (I<o.5Nao.5)NbC>3  [25],  Ti02 
[26],  and  CasCo^g  films  [27].  Several  related  papers  have  been  also 
reported  in  the  battery  field.  Popovici  et  al.  reported  the  adoption  of 
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AD  to  prepare  Lii.3Alo.3Tii.7(P04)3  (LATP)  solid  electrolyte  film  28]. 
The  electrochemical  properties  of  Si  alloy  or  composite  129-32], 
LiMn02  [33],  LiNio.4Coo.3Mno.3O2  [34]  and  LiFeP04  [35]  thin  film 
electrodes  were  also  investigated  to  verify  the  feasibility  of  AD. 
Although  the  film  electrodes  formed  by  AD  show  excellent  cycle 
stability,  the  specific  charge  and  discharge  capacities  of  the  as- 
deposited  film  electrodes  are  30-40%  smaller  than  the  theoretical 
one  [33-35].  This  might  be  related  to  severe  strain  and  degraded 
crystallinity  in  the  film  by  AD.  During  deposition,  the  initial  parti¬ 
cles  fracture  into  fine  grains  of  several  tens  nanometer  size  and 
deposit  on  the  substrate  [22,28,33-35]  and  these  fine  grains  have 
severe  strain.  This  has  been  confirmed  in  X-ray  diffraction  patterns 
for  as-deposited  Lii.3Alo.3Tii.7(P04)3  (LATP)  [28]  and  LiNi0.4- 
Coo.3Mno.3O2  films  prepared  by  AD  [34].  In  these  films,  not  only  the 
broadening  of  diffraction  peaks  but  also  the  peak  shift  compared 
with  their  raw  powders  is  clearly  observed.  The  former  is  consid¬ 
ered  to  be  caused  by  fracturing  raw  powders  and  latter  is  due  to  the 
lattice  distortion  of  crystalline  particles  in  the  film.  Therefore,  for 
practical  use  of  AD  as  a  fabrication  method  of  solid  state  thin  film 
battery,  further  study  was  needed  to  achieve  high  capacity  in  as- 
deposited  film  electrode  by  controlling  the  morphology  of  raw 
powder  and  deposition  conditions. 

In  this  paper,  we  fabricated  Li4Ti50i2  (LTO)  film  electrode  by  AD 
method.  LTO  is  widely  known  to  be  a  highly  safe  anode  material  for 
lithium  ion  batteries  because  it  has  sufficiently  higher  operating 
potential  ( - 1.55  V)  than  that  for  lithium  plating  [36-38].  Since  the 
volume  change  of  LTO  during  charge  and  discharge  is  negligibly 
small,  LTO  also  has  an  advantage  not  only  for  cycle  stability  but  also 
for  constituting  good  electrode-electrolyte  interface  in  solid  state 
battery.  To  date,  several  papers  have  been  already  reported  for  LTO 
films  by  other  fabrication  method  including  PLD  [10,11  ],  sputtering 
method  17,18],  ESD  [21],  sol-gel  method  [39,40],  and  ink-jet 
printing  [41].  Most  of  these  LTO  films  have  sufficiently  high  crys¬ 
tallinity  via  high  temperature  treatment  and  show  similar  charge- 
discharge  properties  and  cycle  stability  as  conventional  LTO  elec¬ 
trode  with  conducting  additives  and  binder  coated  on  the  metal  foil 
[36-38].  However,  applicability  of  AD  method  for  fabricating  LTO 
film  has  not  been  fully  examined.  In  the  present  work,  commer¬ 
cially  available  LTO  powder  was  directly  used  as  raw  material  for 
fabrication  of  LTO  film  by  AD  method.  The  crystallinity,  micro¬ 
structure  and  electrochemical  property  of  as-deposited  film 
(without  any  heat  treatment)  were  investigated. 

2.  Experimental 

Commercially  available  Li4Ti50i2  (LTO)  powder  (ENERMIGHT® 
LT-106,  Ishihara  Sangyo  Kaisha,  Ltd.)  without  carbon  coating  was 
directly  used  as  a  raw  material  for  LTO  film  fabrication  by  AD  42]. 
Schematic  illustration  of  AD  apparatus  is  shown  in  Fig.  1.  It  con¬ 
sists  of  a  carrier  gas  supply  system,  an  aerosol  chamber,  and  a 
deposition  chamber  equipped  with  a  motored  X—Y  stage  and  a 
nozzle  with  a  thin  rectangular  shaped  orifice  with  the  size  of 
10  mm  x  0.5  mm.  The  deposition  starts  with  evacuating  the 
deposition  chamber.  A  pressure  difference  between  the  carrier  gas 
system  and  the  deposition  chamber  is  then  generated  as  a  power 
source  for  the  deposition.  A  carrier  gas  flows  out  from  the  carrier 
gas  supply  system  to  the  aerosol  chamber.  In  the  aerosol  chamber, 
the  powder  is  dispersed  into  the  carrier  gas  with  no  agglomera¬ 
tion.  Finally,  the  well  dispersed  aerosol  flows  into  the  deposition 
chamber  through  a  tube  and  is  sprayed  onto  the  substrate 
arranged  on  the  stage.  Stainless  steel  discs  (SUS316, 
diameter  =  15.5  mm  and  thickness  =  0.5  mm)  were  used  as  a 
substrate.  The  deposition  area  is  masked  into  a  circular  shape  with 
its  area  size  of  0.5  cm2  (corresponding  to  its  diameter  of  8  mm). 
Nitrogen  gas  was  used  as  a  carrier  gas.  The  deposition  chamber 
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Fig.  1.  A  schematic  illustration  of  the  apparatus  for  aerosol  deposition. 


was  evacuated  to  a  low  vacuum  state  of  about  several  10  Pa  and 
the  deposition  was  carried  out  for  20  min.  During  the  deposition, 
the  stage  was  moved  uni-axially  with  the  back-and-forth  motion 
length  of  50  mm. 

For  the  film  deposition  by  AD,  the  several  conditions  such  as 
distance  from  the  tip  of  nozzle,  mass  flow  of  N2  carrier  gas  and 
pressure  of  deposition  chamber  during  film  deposition  should  be 
optimized.  By  using  commercial  LTO  powders  as  mentioned  above, 
we  preliminary  changed  the  pressure  of  deposition  chamber  be¬ 
tween  0.2  and  1.2  kPa  depending  on  the  mass  flow  of  N2  carrier  gas 
in  the  range  of  5—25  L  min-1,  while  the  distance  between  the  tip  of 
nozzle  and  the  substrate  was  fixed  to  be  10  mm.  It  was  confirmed 
that  LTO  film  was  formed  on  the  stainless  steel  substrate  at  the 
pressure  of  deposition  chamber  above  0.5  kPa  and  the  film  thick¬ 
ness  for  fixed  deposition  time  of  20  min  gradually  increased  at  the 
pressure  of  deposition  chamber  up  to  1  kPa.  Based  on  this  result, 
the  pressure  of  deposition  chamber  was  fixed  to  1  kPa.  Corre¬ 
sponding  mass  flow  N2  carrier  gas  of  20  L  min-1.  Simple  tape 
testing  was  also  carried  out  to  confirm  the  adhesion  between  as- 
deposited  LTO  film  and  stainless  steel  substrate.  Kapton®  tape 
was  put  on  to  the  film  and  then  it  peeled,  but  no  exfoliation  of  the 
film  from  the  substrate  was  observed. 

Crystal  structure  of  both  LTO  powder  as  a  raw  material  and  as- 
deposited  LTO  film  by  AD  was  evaluated  by  X-ray  Diffractometer 
(RINT-2500,  Rigaku)  using  CuKa  radiation,  with  measurement 
range  26  =  5-90°  and  step  interval  of  0.02°.  Particle  size  distribu¬ 
tion  of  raw  LTO  powder  was  measured  by  using  Laser  Diffraction 
Particle  Size  Analyzer  (SALD-2000,  Shimadzu).  Field-emission 
scanning  electron  microscope  (FE-SEM,  SU8000  Type  II,  Hitachi) 
was  used  to  observe  the  microstructure  of  raw  LTO  powder  and  as- 
deposited  LTO  film. 

As-deposited  LTO  film  on  stainless  steel  substrate  was  inves¬ 
tigated  by  using  two-electrode  set  up.  LTO  film  is  used  as  working 
electrode,  where  as  a  single  lithium  foil  serves  as  both  counter 
and  reference  electrodes.  The  electrolyte  solution  was  1  mol  LiPFg 
in  a  mixture  or  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC)  with  a  volume  ratio  of  1:1  (Kishida  Chemical  Co.,  Ltd.). 
Together  with  Celgard  3501  as  a  separator,  these  components 
were  assembled  in  a  CR2032  coin  type  cell.  The  assembly  of  the 
cell  was  carried  out  in  a  dry  Argon-filled  glove  box  (UN-650FCH, 
UNICO).  The  cells  was  charged  and  discharged  over  a  voltage 
range  between  1.2  and  2.5  V  versus  Li/Li+  electrode  at  different 
fixed  current  density  of  0.067,  0.134,  0.268,  0.536,  1.34  and 
2.68  mA  cm-2  and  20  °C  using  Battery  Test  System  (TOSCAT-3100, 
TOYO-SYSTEM). 
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3.  Results  and  discussion 

It  is  known  that  both  morphology  and  particle  size  of  the  raw 
material  are  important  factors  for  AD  [22].  Fig.  2  shows  the  SEM 
image  of  commercial  LTO  powder  used  as  a  raw  material  for  LTO 
film  by  AD.  It  is  confirmed  that  primary  LTO  particles  with  the  size 
of  several  100  nm  agglomerate  and  constitute  a  sphere  shaped 
secondary  particle  with  the  size  of  5—7  pm.  Measured  particle  size 
distribution  of  LTO  powder  is  also  shown  in  Fig.  3.  Averaged  particle 
size  is  corresponding  to  the  size  of  secondary  agglomerated  particle 
shown  in  Fig.  2. 

XRD  patterns  for  LTO  powder  used  as  raw  material  and  as- 
deposited  LTO  film  on  stainless  steel  substrate  are  compared  in 
Fig.  4.  It  is  noted  that  the  absolute  value  for  peak  intensity  in  raw 
LTO  powder  is  approximately  six  times  larger  than  that  for  LTO  film 
by  AD.  As  can  be  seen,  LTO  powder  used  as  raw  material  has  cubic 
spinel  structure  with  a  space  group  Fd-3m.  The  peaks  from  LTO 
with  cubic  spinel  structure  are  clearly  confirmed  in  as-deposited 
LTO  thin  film,  together  with  the  peak  from  stainless  steel  sub¬ 
strate.  This  indicates  that  crystalline  LTO  film  can  be  successfully 
fabricated  at  room  temperature  condition.  The  peaks  from  other 
phases  were  not  observed.  This  feature  is  a  significant  advantage 
over  other  conventional  thin  film  deposition  methods  such  as  PLD 
and  sputtering,  because  by  using  these  deposition  methods,  heat 
treatment  such  as  heating  substrate  during  deposition  or  post¬ 
annealing  should  be  necessary  to  obtain  the  well  crystallized  film 
[5-21]. 

Fig.  5  is  the  comparison  of  the  enlarged  (111)  diffraction  peaks 
of  the  raw  LTO  powder  and  as-deposited  LTO  film.  As  can  be  seen, 
full  width  of  half  maximum  (FWHM)  of  the  peak  was  estimated  to 
be  0.16°  and  0.18°  for  raw  powder  and  as-deposited  film,  respec¬ 
tively.  The  deviation  of  0.02°  is  corresponding  to  twice  the 
measuring  step  (=0.02°)  of  XRD  patterns,  so  that  the  deviation  is 
within  the  level  for  measurement  error  and  the  sharpness  of 
diffraction  peak  for  raw  powder  and  as-deposited  film  is  nearly 
identical.  This  feature  was  also  confirmed  in  other  diffraction 
peaks,  indicating  that  the  crystallinity  of  as-deposited  LTO  film  is 
as  high  as  raw  LTO  powders,  but  quite  different  from  other  ceramic 
films  formed  by  AD  [23-28,34,35].  It  has  been  reported  that  the 
diffraction  peaks  for  most  of  as-deposited  film  fabricated  by  AD 
method  are  broadened  and  the  peak  intensity  is  lowered  signifi¬ 
cantly.  This  is  closely  related  with  the  deposition  mechanism  of 


Fig.  2.  SEM  image  of  commercial  Li4Ti5Oi2  powder  used  as  a  raw  material  for  film 
deposition.  Enlarged  image  of  surface  morphology  of  the  powder  is  also  shown. 
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Fig.  3.  Particle  size  distribution  of  commercial  Li4Ti5Oi2  powder  used  as  raw  material 
for  fabrication  of  Li4Ti5Oi2  film  by  AD. 

AD.  During  the  deposition,  the  initial  particles  fracture  into  fine 
grains  of  several  tens  nanometer  size  and  deposit  on  the  substrate. 
Moreover,  these  fine  grains  have  severe  strain  and  lower  crystal¬ 
linity  than  raw  powders,  which  is  observed  as  the  shift  of 
diffraction  peaks  as  mentioned  above  [34].  However,  the  diffrac¬ 
tion  peaks  for  our  LTO  film  are  not  broadened  and  peak  shift  is  not 
observed,  compared  with  those  for  raw  powders.  These  results 
suggest  that  the  fractured  LTO  particle  in  the  film  is  not  damaged 
and  has  no  strain  by  the  impact  during  the  deposition. 

Fig.  6  shows  the  SEM  image  of  the  fractured  cross  section  for  as- 
deposited  LTO  film  on  stainless  steel  substrate.  As  can  be  seen,  LTO 
film  was  successfully  deposited  on  the  stainless  steel  substrate  at 
room  temperature  condition.  Film  surface  seems  to  be  very  rough. 
It  was  confirmed  that  as-deposited  LTO  film  has  a  little  porous 
structure  and  the  film  thickness  is  confirmed  to  be  approximately 
3.0-3.3  pm.  Film  density  was  calculated  by  using  physical  dimen¬ 
sion  and  weight  of  the  film  (=0.42  mg).  Relative  density  (normal¬ 
ized  by  theoretical  crystalline  density  of  LTO  =  3.5  g  cm-3)  was 
estimated  to  be  approximately  75-80%.  This  is  consistent  with  a 
microstructure  of  as-deposited  LTO  film  in  Fig.  6.  The  size  of  LTO 
particle  in  as-deposited  film  seems  to  be  several  100  nm,  which  is 
very  close  to  the  primary  particle  size  in  raw  LTO  powders  as  shown 
in  Fig.  2.  This  suggests  that  agglomerated  secondary  LTO  particles 
were  fractured  by  impact  at  the  deposition,  but  most  of  primary 
LTO  particles  were  not  fractured  and  connected  each  other  to  form 
the  film.  The  fact  that  the  diffraction  peaks  of  LTO  film  were  not 
broadened  compared  with  raw  LTO  powders  (shown  in  Fig.  5) 
supports  this  speculation  indirectly.  In  addition,  XRD  data  of  LTO 


20/ deg.  (CuKa) 

Fig.  4.  XRD  patterns  for  Li4Ti5Oi2  powder  used  as  raw  material  (top)  and  as-deposited 
Li4Ti5Oi2  film  on  stainless  steel  substrate  by  AD  (bottom). 
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Fig.  5.  Enlarged  (111 )  diffraction  peaks  of  raw  Li4Ti50i2  powder  (top)  and  as-deposited 
Li4Ti50i2  film  by  AD  (bottom). 

film  does  not  have  any  peak  shift  compared  with  raw  LTO  powder, 
indicating  that  the  film  seems  to  be  free  of  strain.  This  feature  is 
quite  different  from  those  for  the  film  fabricated  by  AD  as  previ¬ 
ously  reported  [23-28,34,35].  For  instance,  both  the  broadening  of 
diffraction  peaks  but  also  the  peak  shift  compared  with  their  raw 
powder  are  clearly  confirmed  in  the  XRD  patterns  for  as-deposited 
LiNio.4Coo.3Mno.3O2  (LNCMO)  film  by  AD  [34].  In  this  film,  well 
dispersed  primary  LNCMO  particles  with  the  averaged  size  of  1  pm 
are  used  as  raw  materials  and  strongly  fractured  into  fine  particles 
with  the  size  of  several  10—100  nm  during  deposition  process.  In 
addition  (003)  peak  of  LNCMO  is  emphasized  in  as-deposited  film 
and  shifted  toward  higher  angle  compared  with  raw  LNCMO 
powder,  indicating  that  c-axis  of  LNCMO  is  oriented  in  perpendic¬ 
ular  to  film  surface  and  the  reduction  of  lattice  parameter  along  c- 
axis  of  LNCMO.  These  results  suggest  that  the  film  has  severe  strain 
due  to  strongly  fractured  primary  particles.  At  present  stage,  the 
origin  to  cause  the  difference  in  the  degree  in  fracture  of  primary 
particle  in  AD  method  has  not  been  clarified  yet,  but  it  might  be 
related  with  the  structure  and  the  size  of  raw  agglomerated  LTO 
powder  we  used.  Further  investigation  for  the  influence  of  the 


Fig.  6.  SEM  image  of  the  fractured  cross  section  for  as-deposited  Li4Ti5Oi2  film  on 
stainless  steel  substrate.  Enlarged  image  of  cross  section  of  the  film  is  also  shown. 


morphology  and  the  size  of  raw  powder  on  the  crystallinity  and 
microstructure  in  as-deposited  film  by  AD  should  be  necessary  in 
future. 

The  initial  charge-discharge  curves  of  as-deposited  LTO  film 
electrode  by  AD  at  20  °C  and  various  current  densities  per  unit- 
electrode  area  from  0.067  to  2.68  mA  cnrr2  are  summarized  in 
Fig.  7.  At  low  current  density  of  0.067  mAh  g  \  the  charge  and 
discharge  curves  show  the  plateau  regions  between  1.5  and  1.6  V  vs 
Li/Li+.  The  profile  is  quite  similar  to  that  for  conventional  coated 
LTO  electrode  with  conducting  additives  and  binder  on  the  metal 
foil  [36-38].  Though  as-deposited  film  does  not  contain  any  con¬ 
ducting  additives,  the  discharge  capacities  of  159  mAh  g-1  and 
125  mAh  g-1  (corresponding  to  0.13  mAh  cm-2  and  0.10  mAh  cm-2) 
were  obtained  at  current  density  of  0.067  mA  cm-2  (=0.5C)  and 
2.68  mA  cm-2  (=20C),  respectively  (1C  =  0.134  mA  cm-2).  Each 
discharge  capacity  at  0.5C  and  20C  rate  is  approximately  91%  and 
74%  of  the  theoretical  capacity  of  LTO  (=175  mAh  g-1).  Rate  capa¬ 
bility  of  discharge  capacity  of  the  LTO  film  electrode  is  also  shown 
in  Fig.  8.  It  is  confirmed  that  comparing  with  the  discharge  capacity 
at  0.5C  (=159  mAh  g-1),  as-deposited  LTO  film  electrode  shows 
capacity  retention  of  97%,  94%,  87%  and  79%  at  high  C-rate  of  2C,  4C, 
10C  and  20C. 

Such  good  electrochemical  properties  of  LTO  film  by  AD  could  be 
attributed  to  both  the  microstructure  and  the  crystallinity.  As 
shown  in  Fig.  6,  the  film  has  a  little  porous  structure,  which  is 
favorable  for  percolation  of  liquid  electrolyte  into  the  film  and 
formation  of  good  electrode-electrolyte  interface  for  Li+  insertion 
and  extraction.  Moreover,  as  expected  from  Figs.  5  and  6,  the  LTO 
particle  consisting  the  film  are  expected  to  be  not  damaged  so 
much  during  the  impact  consolidation  on  the  stainless  substrate. 
Consequently,  the  crystallinity  of  our  LTO  film  is  nearly  the  same  as 
raw  LTO  powders.  In  LiMn02  [29],  LiNio.4Coo.3Mno.3O2  [30]  and 
LiFeP04  [31  ]  film  electrodes  formed  by  AD,  the  specific  capacities  of 
the  as-deposited  films  are  reported  to  be  30-40%  smaller  than  the 
theoretical  ones.  One  of  the  main  reasons  of  such  a  deteriorated 
electrochemical  property  of  these  films  is  considered  to  be  the 
degradation  of  crystallinity  of  the  film  due  to  the  strain  introduc¬ 
tion  via  impact  consolidation  [29-31]. 

Cycle  stability  for  both  discharge  capacity  and  coulombic  effi¬ 
ciency  of  as-deposited  LTO  film  are  shown  in  Figs.  9  and  10  at 
different  fixed  current  density  at  both  charge  and  discharge  of 
0.134  mA  cm-2  (=1C)  and  0.536  mA  cm-2  (=4C).  It  is  noted  that  the 
measurement  at  4C  was  carried  out  after  finishing  the  measure¬ 
ment  at  1C.  As  can  be  seen,  as-deposited  LTO  electrode  showed 


Specific  capacity  /  mAh  g' 

Fig.  7.  Charge  and  discharge  curves  of  as-deposited  Li4Ti5Oi2  film  electrode  by  AD  at 
20  °C  and  different  fixed  current  density  of  0.067, 0.268,  0.536, 1.34  and  2.68  mA  cm-2. 
Note  that  the  current  density  of  0.134  mA  cm-2  is  corresponding  to  1C  rate. 
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Fig.  8.  Rate  performance  of  discharge  capacity  for  as-deposited  Li4Ti50i2  film  electrode 
by  AD.  Note  that  the  current  density  of  0.134  mA  cm-2  is  corresponding  to  1C  rate. 

excellent  cycle  stability  during  100  cycles  at  each  current  density. 
Capacity  retention  after  100  cycles  was  confirmed  to  be  above  98% 
at  1C  and  96%  at  4C,  respectively.  The  coulombic  efficiency  was 
nearly  equal  to  100%  excepting  first  cycle,  which  indicates  that  the 
reversibility  of  Li+  insertion  and  extraction  into  LTO  film  was  good. 
Such  excellent  cycle  stability  of  LTO  film  electrode  fabricated  by  AD 
is  attributed  to  not  only  high  durability  of  LTO  itself  but  also  suf¬ 
ficiently  strong  adhesion  between  the  film  and  substrate. 

To  control  the  morphology  and  density  of  as-deposited  film  by 
AD,  further  investigation  about  the  influence  of  particle  size  and 
morphology  of  raw  materials  on  the  microstructure  and  property  of 
the  film  should  be  necessary.  However,  our  present  work  indicates 
that  AD  method  can  potentially  be  used  in  the  fabrication  of  all  solid 
state  thin  film  lithium-ion  batteries. 


Fig.  10.  Discharge  capacity  (a)  and  coulombic  efficiency  (b)  of  as-deposited  Li4Ti5Oi2 
film  electrode  by  AD  at  current  density  of  0.536  mA  cm-2  (=4C)  plotted  against  cycle 
number.  Note  that  this  measurement  was  carried  out  after  the  measurement  at  current 
density  of  0.134  mA  cm-2  (=1C)  shown  in  Fig.  9. 
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Fig.  9.  Discharge  capacity  (a)  and  coulombic  efficiency  (b)  of  as-deposited  Li4Ti5Oi2 
film  electrode  by  AD  at  current  density  of  0.134  mA  cm-2  (=1C)  plotted  against  cycle 
number. 


4.  Conclusion 

Li4Ti50i2  (LTO)  thin  film  electrode  was  successfully  fabricated  at 
room  temperature  condition  by  aerosol  deposition  (AD)  method. 
Agglomerated  LTO  powder  with  size  of  5-6  pm  composed  of  pri¬ 
mary  sub-micron  particles  was  used  as  raw  material  and  deposited 
directly  on  a  stainless  steel  substrate  via  room  temperature  impact 
consolidation.  It  is  worth  to  note  that  as-deposited  LTO  film  has  a 
same  crystalline  structure  with  raw  powder  and  a  little  porous 
microstructure  consisted  from  fractured  LTO  particles  with  sizes  of 
several  tens  to  hundred  nm.  LTO  film  electrode  by  AD  showed  good 
electrochemical  property  in  liquid  electrolyte.  The  discharge  ca¬ 
pacities  of  159  mAh  g-1  and  130  mAh  g_1  were  confirmed  at  cur¬ 
rent  density  of  0.067  mA  cm-2  (=0.5C)  and  2.68  mA  cm-2  (=20C), 
respectively.  The  film  electrode  also  showed  excellent  capacity 
retention.  The  results  indicate  that  AD  method  can  potentially  be 
used  in  the  fabrication  of  all  solid  state  thin  film  lithium  ion 
batteries. 
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